The W W production is the primary channel to directly probe the triple gauge couplings. We analyze the e + e − → W + W − process at the proposed Circular Electron-Positron Collider (CEPC), and find that the anomalous triple gauge couplings and relevant dimension six operators can be probed up to the order of 10 −4 . We also estimate constraints at the 14 TeV LHC, with both 300 fb −1 and 3000 fb −1 integrated luminosity from the leading lepton p T and azimuthal angle difference ∆φ ll in the di-lepton channel. The constrain is somewhat weaker, up to the order of 10 −3 . The limits on the triple gauge couplings are complementary to those on the electroweak precision observables and Higgs couplings.
Introduction: Anomalous triple gauge couplings beyond the SM
Given the 125 GeV Higgs has been found at the Large Hadron Collider (LHC), the standard model (SM) is in some sense complete. However, it might suffer from new physics, e.g. in the gauge sector, which can be examined with an unprecedented precision at future lepton colliders such as the Circular Electron-Positron Collider (CEPC) and LHC Run II. In this short note we summarize some of the key points in one recent paper by us, 1 regarding the future prospects of anomalous charged triple gauge couplings (TGCs) beyond SM at future lepton and hadron colliders.
Due to non-Abelian nature of the weak interaction, there exist triple and quartic couplings among the EW gauge bosons in the SM. Here we focus only on the charged TGCs, i.e. those involving the couplings W W γ and W W Z. With the anomalous contributions beyond SM, the charged TGCs can be generally parameterized as,
where V = γ , Z, the gauge couplings g W W γ = −e, g W W Z = −e cot θ W with cos θ W the weak mixing angle, the field strength tensor F µν ≡ ∂ µ A ν − ∂ ν A µ with A = W , γ , Z, and the conjugate tensorṼ µν = 1 2 ε µνρσ V ρσ , and A
Besides the SM TGCs, the Lagrangian Eq. (1) contains 14 anomalous TGCs up to dimension six. The parity (P ) and charge conjugate (C) conservative couplings beyond SM ∆g 1,Z ≡ g 1,Z − 1, ∆κ γ, Z ≡ κ γ, Z − 1 and λ γ, Z can be related to the effective field theory (EFT) beyond SM, e.g. the dimension-6 operators in the SILH basis
The c W operator is strictly constrained by precision measurements and can be neglected as a first order approximation, with only three operators left at the Dim-6 level
with ∆κ Z = ∆g 1,Z − tan 2 θ W ∆κ γ and λ γ = λ Z . Under such circumstance, the anomalous TGCs are related by the EW SU (2) L × U (1) Y gauge symmetry, and there is only three independent couplings in the C and P conserving sector.
CEPC constraints
At both lepton and hadron colliders the TGCs can be directly probed in the W W pair process. When the information of W boson decay is taken into consideration, the kinematics of e + e − → W + W − → f 1f2f3 f 4 is dictated by five angles in the narrow W width approximation: the scattering angle θ between e − and W − and the polar angles θ * 1,2 and the azimuthal angles φ * 1,2 for the decay products in the rest frame of W ∓ . The polarization of W bosons can be described by the spin density matrix (SDM) which contains the full helicity information of the W pairs. We resort alternatively to the differential cross sections with regard to the five kinematic angles, which are more physically intuitive, and examine the effects of anomalous TGCs on the distributions of final fermions. It is found that all the distributions of the five angles contribute significantly to the sensitives of TGCs in most of the channels.
To examine the response of the angular distributions to the TGCs, we expand the differential cross sections in terms of the aTGCs,
where Ω = cos θ, cos θ * 1, 2 , φ * 1, 2 (or alternatively Ω = cos θ, cos θ * ,  , φ * ,  with and  leptons and quark jets). It is straightforward to obtain analytically the linear coefficient functions ω i from the differential cross sections, which are used by the LEP experimental groups to extract constraints on the anomalous couplings.
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With a huge luminosity of 5 ab −1 at CEPC at a center-of-mass energy of √ s = 240 GeV, we can collect a total number of 8.6×10
7 events of W pairs, with 45%, 44% and 11% decaying respectively in the hadronic, semileptonic and leptonic channels. With such a huge statistics, these anomalous TGCs are expected to be severely constrained. Here for simplicity we assume that the CEPC is optimistically designed such that the systematic errors are comparatively small and the TGC sensitivities are dominated by the statistical uncertainties. The SM radiative corrections are expected to be of the same order as the Dim-6 operators and cannot be simply ignored. Nevertheless, the high order corrections can be treated as a constant term and affect only the best fit values but not the relative errors. Since there is no measurement from CEPC yet, the radiative correction can be omitted for the time being.
For large numbers of events at CEPC, the statistical errors can be estimated to be √ N i with N i the number of events. Then it is straightforward to estimate the sensitivities of the anomalous TGCs and the relevant Dim-6 operators in Eq. (3). For the sake of simplicity we concentrate only on the semileptonic channel in this short note, where the ambiguities involving quark jets have been taken into account. More information from the pure leptonic and hadronic channels and the combined sensitivities can be found in Ref. 1 .
The expected semileptonic channel sensitivities of the aTGCs and Dim-6 operators at CEPC are presented in Table 1 , where we assume an integrated luminosity of 5 ab −1 . All the sensitivities in this table are one parameter constraint where all other couplings or coefficients are fixed to zero. It is transparent that the limits on the TGCs and Dim-6 operators can reach up to the level of 10 −4 in the semileptonic channel. When all the available channels are combined together, the sensitivities can be further improved. When two of the three anomalous couplings (or operator coefficients) are allowed to vary, we obtain the two-dimensional sensitivity plots presented in Fig. 1 . The correlations between the three TGCs and Dim-6 operators are, respectively, 
Obviously some of the TGCs (such as ∆g 1,Z and λ γ ) and operators are strongly correlated and there exist blind directions (such as ∆g 1,Z + λ γ ) which are much less severely constrained. Such blind directions might be effected by experimental data and can be removed to some extent by incorporating the helicity information of e ± and W ± .
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Constraints at LHC
The TGCs can also be probed directly at hadron colliders in a similar process→ W + W − . These measurements are complementary to the EW precision tests, the accurate Higgs coupling probes, and all of these can be combined together to constrain the beyond SM physics. 11, 12 As a direct comparison, we consider simply the W W production at the forthcoming LHC running at 14 TeV as an illustration. To suppress the huge QCD backgrounds, we focus on the purely leptonic decay channels W → eν, µν. Though the neutrino events can not be fully reconstructed, the p T of charged leptons is widely used to study the TGCs. The azimuthal angle difference ∆φ projected onto the transverse plane in the lab frame, analogous to the azimuthal angles at lepton colliders, can be used to further improve the sensitivities. We do detector level simulations and apply the following cuts: for the charged leptons l = e, µ, leading p T > 25 GeV and subleading p T > 20 GeV, |η| < 2.5, ∆R ll > 0.4, m ll > 15(10) GeV, E T > 45(15) GeV for the same (different) flavor channels, with the additional cut |m ll − M Z | > 15 GeV for the same flavor channels. It is found that the anomalous couplings tend to generate large p T events. To optimise the constraints, we set further the leading p T > 300 GeV and > 500
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• , a with the constrains collected in Table 2 . For a luminosity of 300 fb −1 , the limits are of the order of magnitude of 10 −3 . When the luminosity is ten times larger, the constraints go two or three times stronger.
We collect in Fig. 2 the current 95% confidence level constraints on the anomalous TGCs ∆g 1, Z , ∆κ γ , λ γ from LEP, Tevatron and LHC and that from 14 TeV LHC and the future lepton colliders CEPC and ILC. The current lepton and hadron collider bounds are from Ref. 13 , the data for LHC 14 TeV assume a luminosity of 3000 fb −1 , the limits for both CEPC and ILC use only the semileptonic channel, and for ILC they are the limits at √ s = 500 GeV with a luminosity of 500 fb
from Refs. 14, 15. It should be noted that at ILC the injected beams are polarized leptons, which is different from the circular collider CEPC. Comparing naïvely the limits in this figure, the 14 TeV LHC and future lepton colliders can improve the limits on the aTGCs by one to two orders of magnitude. At future lepton colliders, using more decay channels, higher energies and larger luminosity can improve further the constraints in this figure.
Conclusion
In the precision era, the triple couplings among the SM electroweak gauge bosons is an essential part to test the SM in the gauge sector and set constraints on precision electroweak and Higgs physics, which can give us a powerful guidance on searching for new physics beyond the SM. W W process is one of the most important channels at hadron and lepton colliders to measure directly the charged TGCs. In this work we use the kinematical observable of decay products at CEPC and LHC to study the future constraints on the anomalous gauge couplings and the relevant three dimension-6 operators in the C and P conserving sector. It is promising that constraints on the TGCs can be improved by two orders of magnitude and reach the order of magnitude of 10 −4 . A smaller gap between electroweak precision measurements, Higgs couplings and the TGCs will push us to reconsider the complementarity of them and the shrinking space for new physics.
